Almost a decade after the Geochemical Ocean Sections Study Indian Expedition, the new deep 3He data from the INDIGO program give a further insight into the distribution of this tracer in the Indian Ocean. This distribution exhibits some major features related on one hand to a hydrothermal 3He input in the Gulf of Aden and on the Mid-Indian Ocean Ridge, and on the other to the origin of the water masses and to the characteristics of the deep circulation. The main pattern is a significant north-south 3He gradient, with deep waters of the southem ocean showing ¿j3He values around 8-9% due to the influence of the Atlantic deep waters poor in 3He and relatively high values in the northern and central regions (15% to 18% between 2000 m and 3000 m depth) originating from the hydrothermal activity. In the easternmost part of the basin, the 3He values exhibit a significant increase at shallower depths (around lo00 m) probably due to the Pacific water flow through the Indonesian sills, whereas the data in the Indian sector of the Antarctic ocean show a maximum of the order of lo%, south of the Polar Front, interpreted as showing the presence of the Pacific deep waters in the Antarctic Circumpolar Current. These different aspects are summarized by mapping the horizontal distribution of the ¿j3He maxima all over the Indian basin. This map points out some characteristics of the deep circulation but also stresses the need for further measurements in order to clarify the description of this tracer in several key areas.
INTRODUCTION
There are two main sources of 3He in the ocean. The first of these is production by the ß decay of anthropogenic tritiumln the mixed layer and in the th_ermocline. In the-deep ocean the 'He distribution is controlled by the primordial hydrothermal input and the deep circulation [Cfarke et al.; 1969; Craig and Lupton, 19811. This distribution is assumed to be at steady state, which is reasonable when comparing the deep ocean reneyal tim3 to t &e tim-e scale of the processes controlling the mantle degassing at oceanic ridges. The present study deals with this deep, steady distribution.
In the last decade, 'He injection sites associated with hydrothermal activity have been found at many different places on-mid-ocean ridges. On a global scale, the Geochem- carried out on the Indian Õcean ridges (see Figure 1) sealed in 40-cm3 copper tubes and returned to the laboratory for determination of the isotopic composition of dissolved helium. The procedure for extracting and analyzing the helium isotopes is basically the one described by Clarke et al. [1976] . The overall uncertainty in-the 3He excess (S3He (percent) = (RIR, -1) x 100, where R is the isotopic ratio of the sample and R a is the atmospheric ratio) is of the order - Neon Interference values. Although these .data are more scattered, possibly because of the much larger spatial 3He gradient in this area, they offer a better determination of the slope of the correlation. Only near-surface data and data below 1000 m are considered on accoun-t of the significant transiejt tritiumgenic 3He component likely to occur at intermediate depths.
Taking into account the error bars on each individual value (20.4% for INDIGO, al% for GEOSECS and *2%
for both labs in the Red Sea and the Gulf of Aden), we obtain ~.
-
Asno neonirap was used with our mass skectrometër, weinvestigated the neon interference with our 3He measurements by running a series of our standard air aliquot (the size of which corresponds to the amount of helium present in 40 cm3 of seawater) with an added amountof neon equal to the dflerence between the amount of neon in this air aliquot and the amount of neon dissolved in a 40-cm3 seawater sample.
This was done using a NelAr mixture (18.7 ppm Ne) kept in a tank equipped with a 0.079-cm3 aliquot and fitted on the
The comparison between the two series of measurements (10 measurements of our standard alone and 10 measurements of standard plus additional Ne) leads to a positive offset of S = +0.3% caused by neon. Although this value is within our experimental uncertainty, all our S3He data have been corrected by subtracting 0.3% to take into account the neon effect.
introduction line ofthe mass spectrometer.
---

INDIGO-GEQSECS Intercomparison
In order to use both sets of data together when needed, because the magnitudes of the 63He horizontal variations are of the order of a few percent most of the time, it is necessary to look carefully at the comparison between the two data sets. This was done from the GEOSECS stations that were us to conclude that there is no statiscally meaningful bias between the two sets of data in the range of interest .(O to 15%). Therefore we consider in the following that they can be merged for a common use without any adjustment.
This plot leac
RESULTS AND DISCUSSION
Antarctic Sector
The main pattern that emerges from the 'He distribution in the southern ocean-is a 10% S3He core centered around 1000 m depth, very clearly seen on the two INDIGO 3He sections and across the circumpolar ocean shown in Figure   - At depth, the a3He values decrease down to 5 4 % in the Antarctic Bottom Water owing to the more recent ventilation of this water mass. These main characteristics are easily observed on the selection of profiles shown in Figure 4 : all profiles except station 97 are located south of the Polar front. In this region, the first 100 m of the water column are characterized by a very cold layer, close to the freezing point (Winter Water), above which is found, during summer, a somewhat less cold surface water (Summer Surface Water) [Gamberoni et al., 19901. Just below these shallow waters, the Circumpolar Deep Water is very well identified from its enhanced temperature and salinity. These hydrologic features are responsible for the sharp subsurface increLse-of the 63He apparent in all profiles, which-rapidly reaches values around 10% typical of the CDW. Coming back to the 3He core described above, it is interesting to note that a similar pattern is also visible in the western Pacific and western Atlantic GEOSECS sections and then appears to be a permanent feature all around the circumpolar ocean. This 3He maximum-could have a local origin due to some hypothetical hydrothermal activity related to the southern ocean ridges: Indeed, some indications of 3He primordial injection were reported by Schlosser et al.
[I9881 in the Bransfield Strait.
Although thissxplanaticg can@ be cLmpletely ru_lgd out, we favor a second possibility, which is an origin in the eastern Pacific where high 'He concentrations are well established (Lupton arid Craig, 19811. Unfortunately, the eastern Pacific GEOSECS 3He section does not extend far enough south to give direct e v i d e n c n f this fact. This possibility, already suggested by Callakan [ 19721 and Jenkins and Clarke [1976] , is supported by the correlation between the 'He maximum and the oxygen minimum. Strikingly, the lowest oxygen concentrations in the region are found precisely in the southeastern Pacific with a core of low-oxygen water (3.3 mL/L) around 1500 m depth close to th'ë Soutfi American coast [GordoSi-et al., 19821 . This lowoxygen water mass can be traced in the Drake Passage showing a layer of 02-depleted waters at the same depth along the South American coast, which rises southward up to 500 m depth when approaching the Antarctic continental slope ( Figure 5 ).
This 3He core also corresponds to a minimum in the chlorofluorocarbon CFC-11 that is well defined in the CFC-Il Ajax section by Warner [1988] , meaning that this water mass is older than the surrounding waters. These different indications are consistent with 3He-rich, 0,ICFCdepleted Pacific waters penetrating the southern ocean in the vicinity of the Drake Passage.
Furthermore, this inverse correlation between the oxygen and 'He distributions is a broad feature of the southern ocean (Figure 6 ) which reflects the fact that both tracers' distributions here are being primariF governed by ventilation processes. This is clearly seen at the southemmost This possible deep circulation scheme is apparent in Figure 10 , which displays the horizontal distribution of the deep 3He maxima over the whole Indian basin. At the equator there are some indications in the data that the high 3He signal is propagating eastward with a series of six stations with 3He maxima over 14% from the African coast We also acknowledge financial support by the CNRS (Centre National de la Recherche Scientifique) and the CEA (Commissariat à l'Energie Atomique).
